Vibrio parahaemolyticus is one of the principal bacterial causes for seafood-borne gastroenteritis in the world. In the present study, three sites located on the French Atlantic coast were monitored monthly for environmental parameters over 1 year. The presence of total and pathogenic V. parahaemolyticus in sediment, water and mussel samples was detected following enrichment by culture and real-time PCR (toxR gene, tdh, trh1 and trh2 virulence genes). Using generalized linear models, we showed that the presence of V. parahaemolyticus in water could be explained by a combination of mean temperature over the 7 days before the day of sampling (P < 0.001) and turbidity (P = 0.058). In mussels, an effect of chlorophyll a (P = 0.005) was detected when an effect of the mean salinity over the 7 days before sampling was significant for the sediment (P < 0.001). We did not detect any significant effect of phytoplanktonic blooms or of the number of culturable bacteria on V. parahaemolyticus presence. No sample was revealed positive for tdh. The presence of trh1 and trh2 was positively influenced by the mean temperature during the 2 days before the day of sampling (P < 0.001 and P = 0.032). The importance of these ecological parameters is discussed in relation to the biology of V. parahaemolyticus.
INTRODUCTION 1
Vibrio parahaemolyticus is a Gram-negative halophilic bacterium occurring naturally in 2 aquatic environments worldwide. Its abundance in water is seasonally variable, reaching its 3 maximum in summer when temperature is at its highest. The seasonal cycle of V. 4
In particular, Vibrio cholerae has been extensively studied and associations with chlorophyll 1 a, rainfall and temperature have been shown (de Magny et al., 2008) . In oysters, temperature, 2 turbidity and dissolved oxygen were also positively correlated with V. parahaemolyticus 3 densities (Parveen et al., 2008) . All of these studies evaluated the links between 4 environmental factors and total V. parahaemolyticus but, as recently reported by Drake et al. 5 (2007) , less is known about pathogenic strains in shellfish or water. 6
The objectives of the present study are first to determine the incidence of total and pathogenic 7 V. parahaemolyticus in mussels, water and sediment in the Pertuis Breton, and second, to 8 investigate the relationships with either abiotic (water temperature, salinity, turbidity, 9 dissolved oxygen, chlorophyll a) or biotic parameters (phytoplankton blooms, number of 10 culturable bacteria). 11
RESULTS AND DISCUSSION 13

Description of the data 14
All environmental (water temperature, salinity, turbidity and cholorophyll a) parameters 15 showed temporal variation during this one-year study (see Fig. 1 ). All of these parameters are 16 presented in Figure 1 . Technical problems with sensors (battery or biofouling) led to a few 17 gaps in water temperature and salinity data. Measurements of dissolved oxygen were 18 insufficient in number (only 18 observations) for the variable to be included in the statistical 19
analyses. The monitoring of phytoplankton showed blooms of Pseudo-nitzschia sp, 20
Chaetoceros sp, Skeletonema costatum and Leptocylindrus (danicus and curvatulus), 21 especially in May-June. All of these data were normalized (square root or log transformation) 22 before statistical analysis. 23
Overall, total V. parahaemolyticus was present in mussels from May to October (present 24 during winter at l'Eperon and in December-February and March in La Carrelère), in water 25 from June to October and in sediment from June to December (see Fig. 2 for details). No 1 effect of sampling site was detected (P = 0.381) but the source effect was significant (P = 2 0.035). Data from the different sites were thus pooled but considered separately for mussels, 3 water and sediment in the statistical analyses concerning the presence of total V. 4
parahaemolyticus. When we considered the presence of pathogenic V. parahaemolyticus, tdh 5 was not detected in any of the 483 toxR positive (toxR+) samples, which is in agreement with 6 the other field studies conducted in France (Hervio-Heath et al., 2002; Robert-Pillot et al., 7 2004) . trh1 was detected in toxR+ samples of mussels and sediment but never of water. The 8 presence of the trh2 gene was almost detected in all sites depending of the time. All of theses 9 results are presented in Fig. 3 . Based on the lack of substantial differences for the presence of 10 trh1+ or trh2+ samples (presence of pathogenic V. prahaemolyticus) between the sources of 11 samples and/or sampling sites (all P > 0.400), virulence data were pooled for the general 12 linear models. Among the toxR+ samples, 24.64 % (119/483) were trh+: 11/483 trh1+ with 13 0/223 isolated strains and 113/483 trh2+ with 34/223 isolated strains (15.25%), a few samples 14 were simultaneously trh1+ and trh2+. This prevalence is similar (considering isolated strains 15 only) or a little greater (considering RT-PCR on DNA directly extracted from enriched 16 samples and from strains) than those reported in previous short studies on the situation in 17
France (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) see Introduction) . 18
19
The influence of abiotic parameters on the presence of total V. parahaemolyticus depends on 20 the source (compartment) 21
In water, the best model (minimal AIC = 31.851, P < 0.001, R 2 = 0.506) explaining the 22 presence of total V. parahaemolyticus was composed of mean temperature over the seven 23 days before the date of sampling, hereon referred to as Temp-7 (P < 0.001), and turbidity (P = 24 0.058) (see Table 1 ). More than half of the variance (R 2 = 0.506) in presence-absence of total 25 V. parahaemolyticus in water could be attributed to differences in water turbidity and Temp-7. 1 Increasing temperatures are linked to a higher risk of encountering V. parahaemolyticus in 2 water (mean temperature when total V. parahaemolyticus were detected was 20 °C, compared 3 with 13°C when they were not; Fig. 4) . The same effect of temperature has been frequently 4 observed in previous studies (Cook et al., 2002; Blackwell and Oliver, 2008; Parveen et al., 5 2008) and directly linked to the growing capacities of this bacterium. In the USA, the Gulf 6
Coast has the warmest mean water temperature (22 °C, although it can reach 30 °C) and was 7 seen to have the highest mean V. parahaemolyticus levels (11000 CFU/100 g oysters, 44/100 8 ml water), while the Pacific Coast presents the coldest water temperature and has lowest 9 levels of V. parahaemolyticus (2100 CFU/100 g oysters, 2 CFU/100 ml water). The direct 10 relationship between V. parahaemolyticus and water temperature seems to determine its 11 geographical distribution in the USA, Europe and Asia (Igbinosa et al., 2008) . In the present 12 study, we tested the effect of mean temperature calculated over a longer or shorter period 13 (one, two and seven days before the sampling) and we found that a seven day-period allowed 14 a better prediction of the presence of the bacteria. This makes sense, considering the time 15 needed for the growth of V. parahaemolyticus once favourable temperature conditions arise. 16 Turbidity, although clearly less important, was also often linked to the bacteria presence 17 because nutrients levels were higher (when waters are more turbid and richer in organic 18 matter) stimulating bacterial growth or attachment to sediment particles, or reducing the 19 penetration of solar radiation (Jones and Summer-Brason, 1998; Blackwell and Oliver, 2008; 20 Parveen et al., 2008) . 21
In sediment, the best model (AIC = 21.86, P < 0.001, R 2 = 0.420) explaining the presence of 22 V. parahemolyticus included only mean salinity over the seven days before sampling, Sal-7, 23 (P < 0.001; Table 1 an effect of water temperature and turbidity (no impact of salinity) on V. parahaemolyticus. In 5 the present study, we showed that the bacteria are found during a longer period in sediment 6 than in water, but they are not detected year-round in sediment. Moreover, salinity of water 7 estimated over several days seemed to have a greater influence than temperature on the 8 presence of V. parahaemolyticus in sediment. A positive influence of water salinity on the 9 occurrence of vibrios in water has often been detected when the range of variation of salinity 10 levels is broad enough and the sample size sufficient (Cook et al., 2002; DePaola et al., 2003; 11 Zimmerman et al., 2007; Martinez-Urtaza et al., 2008; Parveen et al., 2008) . The particular 12 link that we found between salinity and presence of total V. parahaemolyticus in sediment 13 may also be due to a direct influence of salinity and/or of freshwater inputs and other water 14 perturbations. The higher the salinity of the sea water, the less important freshwater inputs 15 become and the less the sea water would be perturbed by them. High salinity would, 16 therefore, allow a more important sedimentation of bacteria. Salinity has been shown to 17 influence the deposition of coliform bacteria in bottom muds of an estuarine system, thus 18 prolonging their survival (Roper and Marshall, 1979) . 19
In mussels, only chlorophyll a was found to have a positive effect on the presence of the 20 bacteria (P = 0.005, AIC of the model = 28.160, P = 0.013, R 2 = 0.149). However, biotic 21 parameters (culturable bacteria or phytoplanktonic blooms) were never found to have a 22 significant effect explaining the presence of total V. parahaemolyticus, even in mussels. This 23 could be due to links between chlorophyll a -phytoplankton -zooplankton, but 24 unfortunately, we were not able to monitor zooplankton during this study to confirm this. 25
Vibrio species have previously been shown to be influenced by the presence and abundance of 1 zooplankton due to attachment and/or the chitinoclastic activity of the bacteria (see the 2 introduction). The influence of chlorophyll a detected in mussel samples is not due to the 3 bloom of any of the phytoplanktonic species reported in this study, but rather to an overall 4 effect or to the influence of zooplankton in relation to phytoplankton, linked in turn to 5 chlorophyll a. Chlorophyll a in water, assessed with remote sensing, is already used to predict 6 cholera epidemics (de Magny et al., 2008) . It also seems to be able to explain some of the 7 variation in V. parahaemolyticus levels in oysters (Phillips et al., 2007) . 8 9 Influence of mean temperature recorded prior to sampling on the presence of pathogenic V. 10
The presence of pathogenic V. parahaemolyticus is mainly positively linked to past 12 temperature Temp-2 (P < 0.001, AIC for the model = 22.920, P = 0.031, R 2 = 0.047 for toxR+ 13 trh1+ samples and P = 0.032, AIC for the model = 38.635, P = 0.011, R 2 = 0.017 for toxR+ 14 trh2+ samples; Table 1 and Fig. 3 ). The models are highly significant but only explain a small 15 part of the variance (<5%), suggesting that the major influencing factor was not found. 16 Contrary to the model selected for the presence of total V. parahaemolyticus in water, Temp-2 17 was a better explaining factor than Temp-7 for pathogenic bacteria. This may be due to a 18 faster growth of pathogenic strains than non-pathogenic ones or simply because the lowest 19 variations in temperature occurred during summer (when pathogenic strains are more 20 frequent) making it unnecessary to calculate the mean over as long a period as seven days. 21
Moreover, even though several parameters influenced the presence of total V. 22 parahaemolyticus, only one (Temp-2) had an impact on the presence of pathogenic strains. 23
This raises two important points: although total V. parahaemolyticus data may be very 24 informative and easier to predict (greater R 2 ), it is worth studying bacteria that are more 25 pathogenic as (1) according to Zimmerman et al. (2007) there are differences in predicting 1 total and pathogenic V. parahaemolyticus and (2) there is a strong disadvantage of being a 2 pathogenic strain during cold periods because pathogenic strains should have optimal growth 3 at warm temperatures (at least 37°C for a human body) to be pathogenic for humans. 4
Considering the three sites, V. parahaemolyticus was always detected in at least one of the 5 samples even during cold months. This suggests that V. parahaemolyticus is always present in 6 the environment and simply spatially redistributed between the different sources (shellfish, 7 sediment and water). No difference was detected between sources either for the presence (see 8 above) or the proportions of pathogenic strains (contingency table, all P > 0.05). This 9 confirms the equal role of these different sources in the maintenance of pathogenic V. This study is based on qualitative data, but it would now be better to work with quantities of 12 total and pathogenic bacteria measured directly in the samples (without any enrichment step) 13 using quantitative PCR. Thus, methods for concentration (filtration) of materials and DNA 14 extractions need to be further developed and validated. This would remove any potential 15 culture bias, to enable us to detect more V. parahaemolyticus cells and to study how the 16 bacteria are spatially and temporally structured using a genetic approach (multilocus sequence 17 analysis; Johnson et al., 2009) . Further observations would contribute to the development of 18 predictive models to evaluate proliferation of pathogenic species and thus, help to characterize 19 risk periods for the benefit of public health. 20
EXPERIMENTAL PROCEDURES 22
Sampling sites and collection of samples 23
Pertuis Breton is located on the French Atlantic coast close to La Rochelle ( period in La Carrelère and L'Eperon (at low tide) but not in Filière W where the depth was 10 too great and the mussels are never out of the water. Mussels were sampled from "bouchots" 11 analysed separately for another experiment. As no difference was found between the two 8 matrices, final results were pooled as "mussel" in the present study. The solid phase was then 9 blended (3 x 20 sec. at high speed in a sterile Warring® Blender) and diluted 1:2 with sterile 10 alkaline peptone water 1% NaCl (APW, 20g Bacto TM peptone Becton Dickinson and Co, 10 g 11 NaCl per liter, pH 8.2). Eight hundred ml water from each site were filtered (nitrocellulose 12 0.22 µm, Millipore). Filter contents were re-suspended in 25 ml (40 ml for l'Eperon and La 13
Carrelère in summer) of sterile artificial sea water (water and Instant® Ocean Sea Salt). For 14 sediment samples, 20 g were 1:2 diluted with APW 1% NaCl. 15 16
Detection of V. parahaemolyticus 17
Direct culture and enrichment. Three filtrations of 10 ml, 50 ml and 100 ml water (5, 10 and 18 25 ml in summer) were realized for each site. France). One filter was deposited per plate (three plates / culture medium /site). For each site, 23 0.1 ml of hemolymph and 0.1 ml of the following two 10-fold serial dilutions with buffered 24 physiological water (BPW, 4.52 g Na 2 HPO 4 , 12H 2 O, 0.4g KH 2 PO 4 , 7.2 g NaCl per liter) were 25 spread plated onto TCBS, MA and CA. We proceeded similarly for the 1:2 mussel and 1:2 1 sediment homogenates. All the plates were incubated 24 h at 37 °C. 2 Undiluted hemolymph, re-suspended filter contents, a 1:10 dilution (APW) of the 1:2 mussel 3 homogenate and of the 1:2 sediment homogenate, were studied using the Most Probable 4
Number method (MPN) with three series of six tubes. Each series corresponded to a 1:10, 5 1:100 and 1:1000 dilution (with APW). Tubes were incubated 20 h at 41 °C (a negative 6 control per series is placed at 4°C). The number of total halophilic bacteria culturable at 41 °C 7 (selection of Vibrionaceae) was estimated using Mac Grady tables (Santé Canada, 1993) . 8
Bacteria were isolated from 10 µl of one positive tube per series on TCBS, MA and CA 9 (incubation of one plate / medium during 24h at 37°C). No enumeration was done for 10 sediment, but 6 ml of 1:2 diluted sediment were enriched in 24 ml of APW. After 20h at 41 11 °C, 100 µl of 10 -4 , 10 -5 and 10 -6 dilution with BPW were spread-plated onto TCBS, MA and 12 CA and incubated 24h at 37°C. with BPW (centrifugation 10 min at 5900 g). The pellet was suspended in 100 µl of DNase, 24
RNase, protease-free water (5-Prime inc.), heated 15 min at 100 °C for cell lysis and 25 centrifuged 10 min at 5900 g at 4 °C. The lysate supernatant fluid was transferred to a new 0.5 1 ml tube. 2
Ten ml of enriched sediment were filtered (nitrocellulose 8µm, Millipore) and centrifuged 15 3 min at 2500 g. The pellet was suspended in 2 ml of BPW and centrifuged 5 min at 5900 g 4 before the heating at 100 °C and performing the following steps. 5
Two ml of each MPN positive tube were centrifuged (10 min 5900 g). DNA was extracted as 6 described above for strains. All DNA extractions were kept at -20 °C until real-time PCR 7 (RT-PCR). DNA were tested for the presence of total and pathogenic V. parahaemolyticus 8 using respectively toxR gene and tdh, trh1 and trh2 virulence gene detection (patent in 9 process) by RT-PCR on a MX3000P TM (Stratagene). Each toxR+ sample was considered to be 10 positive for the presence of V. parahaemolyticus and tested for the presence of the virulence 11 genes. 12 13
Statistical analyses 14
We investigated the relationships between the environmental parameters measured and the 15 presence of total (toxR+) and pathogenic (tdh+, trh1+ or trh2+) V. parahaemolyticus samples 16 for each site and sampling session (binomial dependant variable: presence / absence). The 17 dataset (overall pooled data) was tested for the effect of sampling site (Filière W, L'Eperon 18 and La Carrelère) and source (mussel, water and sediment) using a logistic regression. We 19 used generalized linear models with a logit function to test for the influence of (1) abiotic 20 parameters (quantitative data): mean temperature (on the day of sampling itself, or estimated 21 over the two preceding days = Temp-2 or seven preceding days = Temp-7) × mean salinity (on 22 the day of sampling, or estimated over two preceding days = Sal-2 or seven preceding days = 23
Sal-7) × turbidity × chlorophyll a × dissolved oxygen; and (2) biotic parameters: blooms of 24 phytoplanktonic species (qualitative data) and number of culturable bacteria estimated by the 25 1 variables in each model were investigated. We used an exhaustive approach, testing all the 2 interactions between variables, and searched for the most parsimonious (the least number of 3 variables but most explanation of results) using the Akaike Information Criterion (AIC) 4 (Akaike, 1974; Burnham and Anderson, 1998) . All analyses were based on Legendre and 5 Legendre (1998) and performed with Statistica 6.1 (StatSoft, Inc.). 6 7 ACKNOWLEDGEMENTS 8
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